tients with temporal lobe epilepsy (TLE) are more likely to have both substantial desaturation and ictal central apnea. 4, 19 However, the precise temporal regions that mediate central control of respiration remain largely unknown in humans. Some studies have provided evidence that the amygdala in particular may be involved-electrical stimulation of this structure consistently elicits central apnea events and in one patient produced apnea upon seizure spread. 10, 20, 23 Amygdaloid structures are intimately connected to the brainstem respiratory areas, and preclinical studies show a clear role for these structures in mediating respiratory control. 3, 36 There is thus a clear role for amygdaloid nuclei in voluntary respiratory control and the potential of the amygdala as a critical mediator of seizurerelated central apnea. In the context of a clinical seizure, associated with reduced arousal and brainstem suppression, the patient may not be able to overcome the loss of respiratory drive, which may lead to respiratory failure and SUDEP. 22 Intracranial seizure recordings in combination with respiratory monitoring provide a unique opportunity to evaluate the timing of apnea onset and how it relates to seizure spread to various temporal structures. This approach can be used to determine which brain regions may be important for seizure-induced central apnea. In this study, we used intracranial electroencephalography (EEG) techniques combined with simultaneous respiratory monitoring to support the hypothesis that the onset of seizure-related central apnea tightly correlates to the spread of seizure activity to the amygdala, rather than other temporal structures.
Methods
All methods were approved by the Northwestern Feinberg School of Medicine's institutional review board.
Patient Selection
Patients were identified for potential inclusion in the data analysis through review of all cases in which patients were admitted for invasive EEG evaluation at Northwestern Memorial Hospital (NMH) from 2010 until June 2018 (Fig. 1) . The initial inclusion criteria were presence of multiple mesial electrodes, presence of at least 1 recorded electroclinical seizure, and functional respiratory monitoring (inductance plethysmography with abdominal and/ or thoracic belts and/or nasal flow sensor). A total of 16 patients met these criteria, and these patients had a total of 74 seizures recorded. Each seizure from this initial group was reviewed for functional respiratory monitoring. Of the 74 seizures group, 42 occurred during respiratory monitoring. These 42 seizure events were then reviewed algorithmically for the presence of a high-fidelity signal and also confirmed to have unobscured video (important for precisely distinguishing artifact from movement/ speech from true apnea). A total of 22 seizures in 8 patients met the criteria and were used for apnea determination and seizure evaluation. All 8 patients had TLE. Chart review was performed for these 8 patients to determine demographic and clinical characteristics of each (Table 1) , including seizure types, medications, and comorbidities. SUDEP risk was determined using the SUDEP-7 Risk Inventory score.
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Electrodes
Surgically implanted electrodes were used to record local field potential (LFP) data with the intent of recording seizures and interictal abnormalities. Electrodes for this study included 8-contact depth electrodes (Integra Epilepsy) utilizing the Leksell frame (Elekta) and Brainlab planning system (iPlan Stereotaxy 3.0; Brainlab). Electrodes had 10-mm center-to-center spacing between adjacent contacts. Extratemporal and temporal subdural electrodes were also utilized in some patients. Preoperative structural MR images were acquired in all cases with either a 1.5-T or 3-T MRI scanner. CT scans were acquired postoperatively with depth electrodes in place, clearly showing electrode positions with respect to the patient's skull geometry. Electrodes were localized using preoperative structural MRI scans and postoperative CT scans with the FSL (FMRIB Software Library) registration tool FLIRT. The individual CT image was registered to the MRI image as previously described. 23 Finally, the electrodes were localized by thresholding the raw CT image, and the unweighted mass center of each electrode was calculated and converted into standard MNI (Montreal Neurological Institute) space using MATLAB (MathWorks) and FSL (Fig. 2) .
Physiological Recordings
As standard clinical protocol at NMH, respiratory monitoring is routinely conducted for all surgical epilepsy patients. To monitor breathing during the hospital stay, chest and abdominal excursions are recorded using respiratory inductance plethysmography belts (Ambu). One belt is placed around the chest and the other around the abdomen. Respiratory belts provide a measure of tidal volume during breathing. To measure airflow through the nose, patients are also fitted with a nasal cannula attached to a piezoelectric sensor (Salter Labs). The majority of patients (6 of 8) were not compliant with instructions regarding use of the nasal cannula. In analyzing respiratory data for the purposes of our study, nasal cannula data and respiratory belts were used in tandem with preference given to nasal cannula measurements when available because they have been shown to be more sensitive and accurate than belt data.
14
Determination of Channels Involved at Seizure Onset and Spread
As we aimed to determine whether onset of apnea was influenced by seizure onset and spread to potential respi- ration-related brain structures we used expert EEG review to assess the electrode contacts involved at seizure onset and spread to the contacts in the hippocampal and amygdalar electrodes and insular electrodes (if present). At least 3 electroencephalographers who were experienced in invasive EEG evaluations (J.T., K.G., E.G., S.V., and W.N.) reviewed each recording. The reviewers were blinded to patients' names and were given a short history, including type of epilepsy, patient age, and electrode locations. Each reviewer was given an unmarked electroencephalogram in a bipolar montage showing all electrodes for each patient's seizure. They were not shown the respiratory signals or allowed to change montages. Channels showing the first unequivocal electroencephalographic change from the background activity that led to a seizure discharge were determined as channels involved at seizure onset, with spread of high-frequency fast activity generally used as a marker of onset and involvement of the seizure in other brain regions, as in prior studies of invasive EEG. 13, 16 These criteria were also used to determine seizure spread to other brain regions. We required agreement of at least 2 of the 3 reviewers to sufficiently determine onset and spread. Agreement was defined as seizure onset and spread times marked within 1 second of each other. There was good interrater agreement, with unanimous agreement among the 3 reviewers regarding 10 seizures and 2 of 3 reviewers agreeing on another 8 seizures. There was clear discrepancy in 5 instances, and in those cases a fourth reviewer was enlisted to evaluate and in each case sided with one of the prior reviewers. For onset times we present the mean and standard error of the mean (SEM) of the reviewer-marked times (Tables 2 and 3 ).
Determination of Apnea Events
Respiratory channels for each seizure were exported and analyzed by a custom algorithm in MATLAB, BreathMetrics (MathWorks), 24 to aid in apnea determination. Following initial algorithmic determination, experts (C.Z. and G.L.) manually reviewed the respiratory signal from each patient to confirm the beginning and end of each apnea event (when possible and applicable). We required a clear lack of breathing for at least 9 seconds to classify pauses as apnea events. 
Statistical Analysis
Mann-Whitney nonparametric U-tests were used to determine statistical significance. Mean values are provided with standard errors of the mean (SEMs) in the text. Mean, median, interquartile range, and 5th through 95th percentiles are presented in box-and-whisker plots.
Results
Association of Seizures With Central Apnea
In line with the literature, the majority of the seizures evaluated (16 of 22) were associated with a central apnea event. As expected for TLE patients, all seizures were focal in onset and the majority were associated with impaired awareness at onset (Table 2) . Apnea lasted between 9.8 and 50.9 seconds (mean 18 ± 2.6 seconds). All apnea events occurred after an ictal onset was seen on the intracranial EEG, with the average time from ictal onset to apnea being 12.2 seconds. Unfortunately, only 4 seizures were recorded when the patient was wearing a pulse oximeter. There were only very subtle drops in oxygen saturation with the brief apnea events measured and only moderate drops even with longer apnea events (an 89% nadir was recorded with apnea of 34.2 and 50.9 seconds). Heart rate increased during seizure onset in all cases, as expected. 9 Because we required high-quality respiratory signals devoid of artifacts, most of the seizures that qualified for our study occurred during sleep, when motion artifact was minimized. During sleep, respiratory signals tend to be cleaner because patients are stationary, there is no interaction with any visitors during seizure onset, and support staff and technicians are slower to enter the room. Only two of the included seizures occurred while patients were awake. 
Correlation of Apnea Onset With Seizure Spread to the Amygdala
Among the seizures with central apnea events, there was a strong correlation between seizure spread to the amygdala depth electrodes and the onset of apnea (Table 2 ). There was only 1 patient (patient 2) whose apnea preceded amygdala involvement, and this patient had 2 seizures recorded. Curiously, these were the only seizures that consisted of an aura without any impairment of awareness during the clinical event. These were also the only seizures with an onset in the posterior hippocampus. Overall, onset of apnea occurred 2.7 ± 0.4 seconds after the spread of the seizure to the amygdala, which was significantly different compared to spread to the hippocampus where time from spread to onset was 10.2 ± 0.7 seconds (p < 0.01) ( Figs. 3 and 4 ; see also Supplementary Fig. 1 ). In all but 2 seizures, the time from amygdala onset to apnea was less than 5 seconds. The ictal onset zone for the majority of the seizures was in the mesial temporal structures, with a significant minority of seizures also arising from the anterior basal temporal region (Fig. 4) .
Only 6 of the 22 seizures recorded had no clear apnea (Table 3) . Two of these seizures had no amygdala involvement ( Fig. 5 ; see also Supplementary Fig. 2 ), and one had no amygdala or hippocampal involvement and remained isolated in the anterior basal temporal electrodes. Two of the 3 seizures without apnea events that had amygdala involvement only involved the amygdala after 14 and 20 seconds from the ictal onset. The final seizure without apnea had very quick generalization (within 5 seconds from onset in the hippocampus and only 3.5 seconds from onset in the amygdala); after generalization it was difficult to determine from the signal whether there was any late apnea. 
FIG. 3. A:
Scatterplot of delay in apnea onset for each seizure. Delay in onset from the amygdala is not included for the seizures from patient 2 because the apnea preceded the spread to the amygdala, as noted in Table 2 . B: Box plot of delay in apnea onset after spread to either the amygdala or hippocampus (squares indicate mean values, X's signify extremes, boxes indicate the interquartile range [25%-75%], and whiskers indicate 5%-95%).
Discussion
There is now strong clinical and preclinical evidence for seizure-induced central respiratory dysfunction as a pathophysiological mechanism for SUDEP. 11, 18, 29, 33 This study suggests that in a series of TLE patients seizure propagation to the amygdala, rather than the hippocampus or other mesial temporal structures, is intimately associated with the onset of central apnea.
We note that in our population central apnea events were even more prevalent than in the literature, 19 perhaps owing to the fact that our patients all had refractory epilepsy, as compared to the general EMU population previously investigated. Refractory epilepsy may produce structural and functional circuit changes that place patients at increased risk for apnea. Characteristics of patients with ictal central apnea have not been investigated, but our study suggests that this entity may be more prevalent in patients with refractory epilepsy.
The majority of seizures that were not associated with central apnea (6 seizures) had either no amygdala involvement (3 seizures) or late amygdala involvement (2 seizures). Those seizures not associated with apnea but with amygdala involvement occurred in patients with low SUDEP risk, again potentially implicating central apnea with more refractory epilepsy. Our prior report, which replicates more preclinical data, suggests that particular amygdala regions may be critical for mediating apnea 23 through this mechanism there may be seizure spread to the amygdala and an absence of apnea, as long as critical regions are not involved.
Overall, our study solidifies the previously reported findings implicating the amygdala as a critical component in the circuit mediating this effect as all seizures with ictal central apnea events showed amygdala involvement. 10, 20, 23 This study expands on a prior case report implicating seizure spread to the amygdala with apnea 10 and agrees with prior case series showing a clear effect of amygdala stimulation on breathing. 10, 20, 23 It does, however, seemingly conflict with an earlier case series showing seizure-induced apnea tightly correlated with contralateral ictal spread. 31 These findings were in a population without specific amygdalar depth electrode coverage and the study was not designed to investigate seizure spread to specific regions; furthermore, the authors were evaluating only bilateral invasive EEG investigations, so the study population was enriched for bitemporal epilepsy.
Our study, like these previous reports, also suffers from inherent selection and observational biases. While there was a clear effect in our population, these observations could be made only due to a combination of clinical factors-all of our patients had refractory epilepsy requiring invasive EEG evaluation with multiple electrodes. While our patients had extensive electrode coverage for seizure evaluation, the sites were still limited to what was clinically relevant based on the patient's prior presurgical evaluation. Thus seizure spread to regions beyond the coverage area may correlate with apnea as well-this seems like it may be the case in patient 2, whose 2 seizures were associated with apnea that substantially preceded the spread of the seizure to either the amygdala or hippocampus. Perhaps a region such as the insula, anterior cingulate, or smaller extended amygdala regions (not investigated in this patient) may be important in this case and may play a role in others. Another natural inquiry is whether patients with an isolated epileptic onset zone in the amygdala may be at higher risk for ictal central apnea-unfortunately our patient population did not include any such patients. These issues underlie the complex nature of both epilepsy and respiratory control, and animal models may be required to help tease them out. Finally, our study is limited in that we report only monitoring of TLE patients, this being the most common adult epilepsy and thus the most likely to receive invasive presurgical evaluation at our institution.
In the end, it is difficult to know whether these findings can be extrapolated to broader populations of epilepsy patients.
The amygdala is a natural candidate region for mediating central apnea during ictal events. There are multiple possible effector sites that may result in respiratory dysfunction and apnea downstream of the amygdala. The extended amygdalar nuclei have dense projections to brainstem regions that generate respiratory rhythms such as the ventral medullary group (including the pre-Bötziner complex) and the pontine respiratory group, which can provide overriding feedback to this circuit. 3, 7, 36 Preclinical studies in rodent models have shown that these afferents from the extended amygdala have functional control over respiratory efforts, 17 but more precise investigation is necessary to fully determine the critical pathways. The extended amygdala also provides major input to the arousal network of the brain including the serotonergic raphe nuclei 27, 32 and the parabrachial nucleus in the pons, both of which can modulate the respiratory cycle and directly sense hypercapnia and influence arousal. 15 It is possible that the amygdala is involved in both the onset of apnea with seizures and the impairment of arousal systems. Plasticity induced by repeated seizures in this circuit, as has been described in other brainstem regions in epilepsy, 21 could put patients at increasing risk for apnea and SUDEP.
Ever-emerging data implicate brainstem circuitry as a risk for seizure-induced apnea and SUDEP. 1 In our study, these central apnea events were largely brief and selflimited, resolving prior to completion of the seizure. The invasive EEG reflects the spread of the seizure into the amygdala with an intensity sufficient for an initial respiratory disruption. As seizures propagate, the intensity of a specific clinical activation may resolve or continue to build into a bilateral tonic-clonic convulsion. This spread and more intense activation may be needed to result in the widespread brainstem depression seen in animal models and correlating to a sustained apnea. 29 It appears that the amygdala is central to the initial loss of respiratory drive and likely crucial to our understanding of why some patients' respiration does not recover.
From a broader standpoint, evidence exists that activity of the amygdala may be involved in the respiratory rhythm thought to be mediated in the brainstem-amygdala activity is tied to the respiratory cycle, suggesting that the unconscious and conscious control of respiratory function may be related to this limbic circuit. 26, 35 One intriguing possibility is that the amygdala's role in respiratory control relates to its primary cortical position within the olfactory system. In primates and likely humans, 2,8 the olfactory bulb projects directly to the central amygdala. The inextricable link between nasal inhalation and olfactory sampling suggests the need for rapid, threat-related access to brainstem respiratory control centers within this system. Identifying brain regions where seizure spread can produce respiratory dysfunction may help with the development of noninvasive biomarkers for SUDEP. Brainstem volume loss has been observed in MRI studies of SUDEP patients and increased amygdala volume has been reported in association with increased risk of SUDEP. 34 Perhaps structural or functional connectivity in the amygdala-to-brainstem circuit can imply greater risk? More research remains to be done on this subject. The presence of apneic seizures themselves may be a risk factor-it is reasonable to think that seizure-induced apnea and subsequent impaired oxygenation combined with poor recovery may be the critical cascade leading to SUDEP. Thus the presence of apneic seizures may serve as another marker to complement ongoing imaging studies; it also argues for more widespread respiratory monitoring in EMUs. 12 Overall, we suspect that increased knowledge of ictal apnea and the brain regions responsible will lead toward identifying patients at risk for SUDEP and therapeutic strategies for prevention.
Conclusions
Our study expands on the increasing literature regarding the amygdala and respirations, clearly suggesting a role of the amygdala in not just physiological breathing but also dysfunctional breathing states seen during seizures. Seizure spread to the amygdala may be part of a critical cascade leading to apnea events and increasing risk for SUDEP. Further work is necessary-both clinical and preclinical-to test these hypotheses and determine how ictal apneas may relate to SUDEP risk. Identifying the underlying circuit leading to apnea is a critical initial step to developing effective therapies to minimize risk of SUDEP.
